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Driving pattern analysis of Nordic region based on National
Travel Surveys for electric vehicle integration
Zhaoxi LIU, Qiuwei WU (&), Linda CHRISTENSEN,
Antti RAUTIAINEN, Yusheng XUE
Abstract Electic vehicles (EVs) show great potential to
cope with the intermittency of renewable energy sources
(RES) and provide demand side flexibility required by the
smart grid. Furthermore, EVs will increase the electricity
consumption. Large scale integration of EVs will probably
have substantial impacts on power systems. This paper
presents a methodology to transform driving behavior of
person into one of the cars in order to analyze the driving
pattern of EVs based on the National Travel Surveys. In the
proposed methodology, a statistical process is used to ob-
tain the driving behavior of cars by grouping the survey
respondents according to the driving license number and
car number, and mapping the households with similar
characteristics. The proposed methodology was used to
carry out the driving pattern analysis in the Nordic region.
The detailed driving requirements and charging/discharg-
ing availability of vehicles along the day were obtained.
Two types of EV availabilities were studied in this paper
considering different charging/discharging conditions of
EVs for the power system integration, i.e. EV availability
all day and EV availability at home. The results show that
the daily driving requirements of the Nordic region are not
very intensive. The driving patterns of vehicles in the
Nordic region vary on weekdays and weekends. The two
types of EV availabilities are quite different from each
other.
Keywords Driving pattern, Electric vehicles (EVs), EV
availability, Nordic, Power system integration
1 Introduction
Driven by growing concerns on greenhouse gas (GHG)
emission and energy independence from fossil fuels,
electric vehicles (EVs) have been promoted around the
world for the past few decades. Being considered as a type
of distributed energy resource (DER), EVs show great
potential to handle the fluctuation due to further utilization
of renewable energy sources (RES) in future power sys-
tems and provide demand side flexibility required by smart
grid. Such motivations are aligned with the Nordic power
system development. The Nordic region including Den-
mark (DK), Finland (FI), Norway (NO) and Sweden (SE) is
aiming at achieving a sustainable energy system by 2050 in
[1–6]. EV is an important part of the plans for the ambi-
tious goal. In this context, the integration study of EVs is of
great importance and has strong necessities in the four
mentioned Nordic countries.
The study of the impact on EV charging for the grid
started in the 1970s in [7]. A number of studies on this
topic have been carried out ever since in [8–14]. In recent
years, the EV integration and vehicle-to-grid (V2G)
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technologies have been researched with the assumption of
large scale deployment of EVs in [10, 14–21]. Regarding
the Nordic area, integration studies of EVs were carried out
in different countries. The research in [22, 23] studied the
charging demand based on the case of Danish island of
Bornholm. Reference [24] introduced the EV fleet inte-
gration on Bornholm with virtual power plant (VPP) con-
cept. An optimal charging model was built according to the
survey data of Western Denmark in [25]. The integration of
a V2G system was analyzed in the Western Danish power
grid in [26]. Reference [27] estimated the charging cost of
EVs in the Finnish context. The Finnish national travel
survey based load models were used to calculate the im-
pacts of EVs to the distribution networks in [28]. Reference
[29] studied and built detailed models of the stochastic
charging load of the plug-in hybrid electric vehicles
(PHEVs) in Finland. However, in most of EV integration
studies, the detailed driving patterns of EVs are not con-
sidered. The simplification of driving pattern might lead to
inaccurate results in EV integration studies.
Driven by different motivations, many studies focusing
on different aspects of vehicle driving patterns have been
carried out. For example, the speed and acceleration pro-
files were studied to estimate the emission and fuel use of
vehicles in [30–32]. The driving pattern prediction on a
specific driving course for the energy management of ve-
hicles was carried out in [33]. The driving data in China to
develop the driving cycle for the purpose of vehicle
emissions and energy consumption estimation and traffic
impact assessment was studied in [34]. The GPS based data
was used to develop a duty cycle for the plug-in vehicles in
the North American urban setting in [35]. GPS based in-
formation collected over one month from 360 vehicles to
assess the feasibility of EVs in Copenhagen in [36]. The
daily driving requirements of vehicle drivers were analyzed
with GPS-based driving information collected from 484
vehicles for in Atlanta of the United States in [37]. Ref-
erence [38] used the real-world driving data that comprise
4409 trips in Southeast Michigan of the United States to
build a model of the daily driving mission for studies of
real-world PHEV usage. It is developed a driving pattern
recognition method for EV range estimation in [39]. The
travel data from the Transportation Tomorrow Survey in
Toronto was used to study the impacts of driving patterns
on tank-to-wheel energy use of PHEVs in [40]. The driving
data was studied in Australia from GPS devices to access
the feasibility of battery electric vehicles (BEV) in [41].
The data of 11 EVs and 23 charging stations from the
Western Australia Electric Vehicle Trial was analyzed in
order to obtain the features of the EV charging events in
[42]. The daily and yearly driving pattern in France were
analyzed to compare the competitiveness of electric driving
with different power train technologies [43].
Most of the driving pattern studies at present serve the
purposes of emission and energy consumption assessment
of conventional vehicles, driving energy management,
feasibility evaluation and driving range estimation of EVs.
Generally, they focus on single driving cycle analysis,
driving status recognition or daily driving distance range
quantification. However, the EV integration study on the
power system has its own concern for different aspects of
vehicle driving patterns. For example, the time series of
driving distance and the driving/parking status of vehicles
along the day are essential to enable the detailed EV in-
tegration researches such as EV day-ahead charging energy
planning, EV coordinated scheduling investigation. Be-
sides, many driving pattern studies currently are based on
the GPS data which are collected from limited number of
vehicles in confined area. As the power system analysis
usually covers a larger scope, it will improve the accuracy
of EV integration study if the driving patterns are studied
with the data from a more comprehensive sample space. At
present, a thorough study on the detailed driving patterns
for EV integration studies in the Nordic region is missing.
References [44, 45] studied the driving patterns of Den-
mark based on the Danish National Travel Survey. Fol-
lowing the work in [44, 45], this paper presents a method to
convert the survey data of persons in the National Travel
Surveys of the Nordic countries to the daily driving pat-
terns of private passenger cars. The daily driving patterns
of vehicles are investigated for EV integration study in the
Nordic region. The driving distance and the EV charging/
discharging availabilities are obtained according to the
driving behaviors and status of vehicles along the day.
The rest of the paper is arranged as follows. The method
of the driving pattern analysis is described in Section 2.
The results of driving pattern analysis regarding the driving
distance and EV charging/discharging availabilities in the
Nordic area are presented in Section 3, followed by
conclusions.
2 Methodology for driving pattern analysis based
on national travel survey
In the driving pattern analysis for EV integration stud-
ies, it is important to obtain the EV driving behaviors.
Currently, it is difficult to obtain statistically significant
data of the daily driving behaviors of EVs directly. Due to
the limitation of the current EV driving range and refueling
support compared to the conventional internal combustion
engine vehicles, the drivers with moderate driving re-
quirements are more likely to use EVs at present and there
are very few EVs for daily driving on the road. Therefore,
the sample space is relatively limited and the driving pat-
tern is not general. However, the study in Rautiainen of the
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year 2012 shows that PHEVs can be driven practically in
the same way as the conventional internal combustion
engine (ICE) vehicles. Further, with a large scale deploy-
ment of EVs and sufficient support of charging facilities,
the driving pattern of EVs shall be more or less same as the
conventional passenger cars since all the daily driving re-
quirements should be fulfilled. Therefore, it is feasible to
use the driving pattern of conventional passenger cars in
the Nordic area to estimate the driving pattern of EVs. The
National Travel Surveys of four countries are the most
comprehensive data sources which have enough samples to
represent the travel behaviors statistically in the corre-
sponding Nordic country. Detailed information of the dri-
vers as well as the driving behavior records in one
particular day is contained in the national travel survey
datasets.
2.1 From survey respondents to vehicles
The datasets from the National Travel Surveys provide
the driving behaviors of survey respondents. The detail
information of other driving license holders (if there are
any) behavior in the household of respondents is not
available. Such feature of the national survey datasets may
lead to inaccurate outcomes if the datasets are used directly
in EV driving pattern analysis since the driving behaviors
can be different between the individual respondents and the
individual vehicles. The driving requirement would be
underrated, and the EV charging and discharging avail-
ability may be overestimated. For instance, in case of one
car and two household members with a driving license in
the household, the car could drive twice distance as the
result of using the data directly.
In order to deal with the issue discussed above, a sta-
tistical process was used to transform the daily driving
behavior observations of individual respondents to the
behavior of individual vehicles. The steps of the process
are illustrated in the flowchart shown in Fig. 1.
The datasets of the National Travel Surveys were di-
vided into four categories according to the numbers of the
driving license holders and the cars in the household of the
respondents and processed differently. Four categories of
the dataset are listed as follows:
Category 1: The car number equals to the number of the
driving license holders in the household of the
respondent.
Category 2: There are one car and two driving license
holders in the household of the respondent.
Category 3: There are one car and three driving license
holders in the household of the respondent.
Category 4: Others.
For Category 1, the driving behaviors of the respondents
are considered as same as the driving behaviors of one car
in the household. Such assumption is statistically reason-
able if each driver only drives his/her own car or the driving
behaviors distribute equally among all the cars in the
household. Bias on the driving patterns is introduced with
such assumption under certain situations. For example, the
cars in the household may be functionally divided such as
daily commuting and leisure driving for all the drivers in
some cases when there is more than one car in the house-
hold. However, the size of the bias is small and is assumed
to have a small effect on the results of the study.
For Category 2, the driving behaviors of the car cannot
be assumed to be the same as the driving behaviors of the
respondent. A transformation process is introduced in this
case. With the assumption that similar drivers have similar
driving patterns statistically, the other respondents in the
dataset with the same characteristics as the other driver in
the household of the main respondent is selected under a
statistical process to imitate the main respondent’s driving
companion for sharing the car.
The driving behaviors of the imitative companion and
the main respondent are combined to constitute the driving
behaviors of the car. The imitative driving companions and
the other driver in the household of the main respondent
should have the same characteristics such as gender, age
(difference within 5 years), the same recorded day of the
week (weekday, Saturday or Sunday), etc. Their driving
activities are checked with the driving activities of main
respondent. There shall not be any overlap during the
driving periods of two drivers throughout the day. A further
Fig. 1 Main steps of process to transfer dataset from following
individual interviewees to individual vehicles
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but reasonable assumption is that the car can only be ex-
changed at home. The process is explained in more details
in [45].
For Category 3, a similar transformation process is done
as Category 2. However, there is an extra matching process
for the imitation of second driving companion of main
respondent.
Category 1 to Category 3 mentioned above make up the
majority of the whole datasets of the National Travel
Surveys. By combining Category 2 and Category 3 after
transformation processes with Category 1, the datasets of
detailed driving records following individual vehicles are
created. The other observations outside all the three cate-
gories are less than 6% of the whole datasets and left out of
the analysis.
2.2 Driving distance
The driving distance is one of the most important pa-
rameters of driving requirements which needs to be ful-
filled in EV integration study. Consequently, it will affect
the charging requirement and discharging operation pos-
sibility of EVs.
The data in the National Travel Surveys contain the
starting time, ending time and driving distance of all the
trips in a day. The cumulative driving distance can therefore
be calculated accordingly. At the end of one trip, the driving
distance of trip is cumulated. Following the records of all
the trips in the day, the cumulated driving distance of ve-
hicle along the day is obtained. Figure 2 shows an example
of cumulative driving distance of a car along the day.
2.3 EV availability
In the integration study of EVs, the charging or dis-
charging availability is also very important. The EV
availability describes the available time slot when they are
parked and can be charged or discharged during the day.
With different EV charging and discharging possibility
assumptions, two types of EV availabilities are studied in
this paper, including EV availability all day and EV
availability at home. The EV availability all day refers to
the situation that EVs can be charged or discharged in a day
whenever they are parked. EV availability at home refers to
the situation that EVs can only be charged or discharged
when they are parked at home.
Besides the driving distance, starting time and ending
time, the driving records in the National Travel Surveys
also provide the information of starting position and the
destination of trips. According to the time and position
information of all the trips in a day, the driving and parking
status of vehicles can be determined in a minute. Figure 3
shows the examples of the vehicle status along the day with
two different conditions. The status shown in Fig. 3a is the
driving and parking status all day regardless of the parking
place, which is associated with EV availability all day. The
status shown in Fig. 3b refers to the driving and home
parking status which is associated with EV availability at
home.
Based on the status of vehicles in every minute, EV
availabilities are calculated by hour and by quarter ac-
cordingly. They show the percentages of EVs available for
charging or discharging during the specific period of a day.
The availabilities of all the vehicles are averaged to obtain
the mean EV availabilities along the day.
3 Results and discussions
3.1 Driving distance analysis
The daily driving distance is one of the key inputs for
charging demand and the grid integration analysis of EVs.Fig. 2 Cumulative driving distance of a vehicle along the day
Fig. 3 Driving and parking status of a vehicle along the day
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In the Nordic area, the daily driving distance of vehicles is
not very high. The average daily driving distances of
Nordic region are listed in Table 1. The results of driving
distance analysis are consistent with the average driving
distance data from the statistical data of four mentioned
Nordic countries.
All the four Nordic countries have an overall average
driving distance less than 50 km per day, which is not a
very long distance and can be supported by the current EV
technologies. Specifically, Sweden has the shortest average
driving distance among four countries while Finland has
the highest number. In Denmark, Norway and Sweden, the
average daily driving distance on weekdays is longer than
that on weekends. However, it is in the opposite way in
Finland. It shows a relatively long driving distance with
51 km in Finland on weekends. This is mainly due to more
active driving behaviors and longer driving distance for
trips to the second homes, the culture event, sports event,
entertainment, restaurants and social evenings on weekends
in Finland.
Figure 4 shows the cumulative driving distance on
weekdays and weekends, respectively. The curves of the
cumulative driving distance of four counties have similar
trends on weekdays. The driving distances start to accu-
mulate in the morning and have a rapid increase in the
evening. Eventually, they reach the final plateau at around
24:00 at the end of the day. On the other hand, the cu-
mulative driving distances in Denmark, Norway and
Sweden form the curves with more gentle slopes on
weekends. The distance in Finland increases steadily and
rapidly from the morning to the evening and results in the
relatively long driving distance on weekends.
In Nordic region, the daily driving distances of most of
the vehicles are in the short distance range. Such everyday
driving distance distribution provides a high possibility for
EV integration. The daily driving distance distributions of
Nordic region are as shown in Fig. 5 and Table 2.
About 64% of the vehicles in Denmark and 65% of the
vehicles in Finland have a driving distance less than 40 km
per day. The percentages in Norway and Sweden are about
73% and 74%, respectively.
Such a feature is more obvious on weekends. Figure 6
and Table 3 show the daily driving distance distributions of
Nordic region on weekends. Over 75%, 77% and 78% of
the vehicles in Denmark, Norway and Sweden have a daily
driving distance less than 40 km on weekends, respec-
tively. The percentage for Finland is about 66%, showing
the more active driving behaviors in Finland on
weekends.
It is shown that people drive more often on weekdays
than on weekends in Denmark as the vehicles are mainly
Table 1 Average daily driving distance in Nordic region
Country Driving distance (km)
All days Weekdays Weekends
Denmark 40.0 43.4 32.0
Finland 46.8 45.2 51.0
Norway 35.6 36.6 33.2
Sweden 32.0 35.2 30.6
Fig. 4 Cumulative driving distance in Nordic region
Fig. 5 Daily diving distance distribution in Nordic region on
weekdays
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for daily commuting purpose between home and work-
place. The driving activities are more active in Finland than
the other three countries, especially on weekends. Norway
and Sweden show moderate driving distances on both
weekdays and weekends. The daily driving distance will
not only have important impacts on EV battery sizing but
also EV charging energy planning to the power system.
The higher driving distance in Finland will possibly lead to
higher pressure for energy planning of EV charging.
However, the generally low daily driving distance is con-
ducive to the EV promotion and EV integration to the
power system in Nordic region.
3.2 EV availability analysis
The EV availability shows the possibility to be available
for integration operations to the grid during the specific
period of a day. EV availabilities vary with different
charging/discharging supports of the power grid. In this
paper, two types of EV availabilities are studied with two
assumptions on the EV charging/discharging condition as
mentioned in Section 2. The two types of EV availabilities
include EV availability all day and EV availability at
home.
The EV availability all day is determined according to
the parking status of vehicles. The vehicles are considered
available for the grid integration operations when they are
parked throughout the day. The EV availabilities all day by
hour of four Nordic countries on weekdays and weekends
are shown in Fig. 7. It is shown that the EV availability all
day of all the four Nordic countries on both weekdays and
weekends are at a high level. For most of the time in a day,
the average availabilities in all the four countries are over
90% except that it is about 89% in Sweden at around 17:00
on weekdays. Table 4 shows the lowest EV availability all
day in the four Nordic countries.
The EV availabilities all day in all the four Nordic
countries have similar patterns. On weekdays, there are two
obvious valleys in curves of EV availability all day, one in
the morning at about 8:00 and the other one in the after-
noon during 16:00 to 17:00. Such characteristic is consis-
tent with the traffic hours when people go to work in the
morning and come home from work in the afternoon. On
weekends, the curves of EV availability all day are
smoother. The EV availabilities start to drop gradually in
the morning and climb up steadily in the evening. Different
from the case on weekdays, the EV availabilities do not
increase again in the morning and stay on a plateau in the
middle of the day on weekends. Such difference is because
that there are very few driving behaviors for work on
weekends. Therefore, the W-shape curves which are
closely related to the driving and parking behaviors for
work commutes on weekdays does not show up on
weekends.
For the regulating power market in Nordic region, the
ramp-up or ramp-down time interval is 15 min. Conse-
quently, the EV availability by quarter is needed for certain
studies such as the research on the possibility of EVs to
participate in the ancillary service of the power grid. Fig-
ure 8 shows the EV availabilities all day by quarter of the
four Nordic countries on weekdays and weekends, re-
spectively. There are some fluctuations during the driving
activities active hours of the day. However, the curves of
Table 2 Cumulative daily driving distance distribution in Nordic on
weekdays
Distance (km) Driving distance distribution (%)
Denmark Finland Norway Sweden
0 19.7 19.6 24.8 26.6
10 32.7 33.0 41.6 42.8
20 45.8 46.4 55.3 55.8
30 56.2 57.6 64.8 66.2
40 64.3 65.1 72.6 73.8
50 71.2 71.4 78.3 79.9
60 76.6 76.5 82.0 84.8
70 80.9 80.8 85.0 88.2
80 84.3 83.8 87.3 90.5
90 87.0 86.2 89.6 92.3
100 89.2 88.0 91.1 93.4
150 95.1 93.7 95.5 96.9
200 97.5 96.2 97.5 98.2
250 98.5 97.7 98.4 98.8
300 99.1 98.4 98.8 99.2
350 99.4 99.1 99.3 99.4
400 99.6 99.4 99.5 99.5
450 99.8 99.7 99.7 99.7
500 99.8 99.8 99.7 99.7
600 99.9 99.8 99.9 99.9
700 100.0 99.9 99.9 99.9
800 100.0 99.9 100.0 100.0
Fig. 6 Daily driving distance distribution in Nordic region on
weekends
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EV availability all day by quarter have the same trends
with the curves by hour.
In certain studies of EVs, such as the research on EV
home charging, only the home parking status is of interest
and the EV availability at home shall be used in such
studies. For the EV availability at home, the vehicles are
considered available for the grid integration operations
only when they are parked at home. The EV availabilities
at home of the four Nordic countries on weekdays and
weekends are shown in Fig. 9. The EV availabilities at
home have much lower values than the EV availabilities all
day in all the four Nordic countries in the daytime.
Table 5 shows the lowest EV availability at home dur-
ing the day in the four Nordic countries. The lowest
availabilities drop to the ranges around 50% on weekdays
and 70% on weekends. The EV availabilities at home have
similar patterns and values in the Nordic region. On
weekdays, the EV availabilities at home in the Nordic re-
gion start to decrease in the morning at about 7:00, stay at a
relatively low level and increase again in the afternoon
when people start to return home. On weekends, the curves
of EV availability at home are smoother which is similar to
the situation of the EV availability all day.
Figure 10 shows the EV availabilities at home by
quarter of the four Nordic countries on weekdays and
weekends, respectively. Similar to the situation of the EV
availability all day, there are some fluctuations in the
curves by quarter during the driving activities active hours
of the day, and the curves by quarter and the curves by hour
have the same patterns.
The EV availabilities are important to the EV integra-
tion study as they indicate the possibilities of the EV
charging or scheduling. The results suggest that most of the
vehicles can be scheduled during the night time. Such
characteristic supports the ideas of shifting the EV charg-
ing load to the low-demand period and EV coordinated
scheduling with wind power at night. However, the results
also suggest that most of the charging or the scheduling
should be finished before 7:00 in the morning on weekdays.
Furthermore, if the public charging facility is available, a
high potential for EV scheduling will be available between
10:00 and 15:00 on weekdays in Nordic region, which
suggests a possibility of the EV scheduling with the solar
power in the day time.
Table 3 Cumulative daily driving distance distribution in Nordic on
weekends
Distance (km) Driving distance distribution (%)
Denmark Finland Norway Sweden
0 36.0 26.7 39.8 32.1
10 50.9 38.9 54.4 51.3
20 62.6 46.4 55.3 55.8
30 70.2 50.5 65.3 63.3
40 75.9 60.2 72.7 72.0
50 80.6 65.5 77.8 78.4
60 84.0 71.1 81.6 82.6
70 86.6 74.9 84.3 86.2
80 88.9 78.3 86.8 88.4
90 90.5 80.8 88.3 89.9
100 91.9 83.1 90.1 91.9
150 95.7 84.7 91.1 92.8
200 97.7 91.2 94.0 96.2
250 98.6 94.2 96.1 97.6
300 99.2 96.0 97.5 98.3
350 99.5 97.3 98.7 98.9
400 99.7 98.0 99.4 99.4
450 99.8 98.9 99.8 99.6
500 99.9 99.3 99.8 99.8
600 100.0 99.6 99.9 100.0
700 100.0 99.9 99.9 100.0
800 100.0 100.0 100.0 100.0
Fig. 7 EV availabilities all day by hour in Nordic regionand
Table 4 Lowest EV availability of Nordic region
Days Lowest EV availability (%)
Denmark Finland Norway Sweden
Weekdays 91.5 91.0 91.3 89.1
Weekends 94.7 91.5 92.9 92.1
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4 Conclusions and future work
This paper presents a methodology for the driving pat-
terns of private passenger cars in the Nordic region based
on the data from the National Travel Surveys. The results
of the analysis show that the daily driving distance of ve-
hicles in the Nordic region can be met by EVs. Most of the
vehicles in the Nordic region have a short driving distance
per day. The EV availability all day is quite high as most of
the daily trips have a short driving distance. The avail-
abilities are about or above 90% for most of the time in the
day. Two obvious drops corresponding to the morning and
afternoon peak hours can be seen in the curves of all the
four studied Nordic countries on weekdays. When the
charging condition is restricted to home parking, the EV
availability at home is lower during the day. The lowest
availabilities are in the ranges around 50% on weekdays
and 70% on weekends. The driving patterns of the vehicles
are different on weekdays and weekends in the Nordic
region. The variance of the driving patterns of the vehicles
under different conditions may have important impacts and
need to be considered in the detailed EV integration
studies.
The driving pattern analysis in this paper studies the
daily driving distance and the EV availabilities for the EV
integration research in the Nordic region. However, the
stochastic characteristics of the driving patterns of the ve-
hicles are not investigated in this paper. The stochastic
Fig. 8 EV availabilities all day by quarter in Nordic region
Fig. 9 EV svailabilities at home by hour in the Nordic region
Fig. 10 EV availabilities at home by quarter in Nordic region
Table 5 Lowest EV availability at home of Nordic region
Days Lowest EV availability (%)
Denmark Finland Norway Sweden
Weekdays 45.5 53.7 51.9 49.1
Weekends 73.4 72.6 71.0 67.6
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features of the daily driving patterns may have consider-
able impacts on some of the EV integration studies such as
smart charging and the V2G optimal operation analysis.
This will be investigated in the future work.
Acknowledgment This work is supported by the Nordic Energy
Research (Norden) under the Project ‘Nordic Power Road Map 2050:
Strategic choices towards carbon neutrality (NORSTRA)’.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
References
[1] Karni IS (2011) Sustainable energy systems 2050. Nordic En-
ergy Research, Oslo
[2] Graabak I (2012) NORSTRAT decarbonisation of the Nordic
electricity, transport and heating sectors 2050. SINTEF, Oslo
[3] Gustavsson M, Sa¨rnholm E, Stigson P et al (2011) Energy
scenario for Sweden 2050. Swedish Environmental Research
Institute, Gothenburg
[4] Scenarios for the development of electricity and energy system
by 2050. Profu, Stockholm, Sweden, 2010 (in Swedish)
[5] Prime Minister’s Office (2009) Government foresight report on
long-term climate and energy policy: towards a low-carbon
Finland. Prime Minister’s Office Finland, Helsinki
[6] International Energy Agency (IEA) (2013) Nordic energy
technology perspectives: pathways to a carbon neutral energy
future. International Energy Agency (IEA), Paris
[7] Salihi JT (1973) Energy requirements for electric cars and their
impact on electric power generation and distribution systems.
IEEE Trans Ind Appl 9(5):516–532
[8] Heydt GT (1983) The impact of electric vehicle deployment on
load management strategies. IEEE Trans Power Appar Syst
102(5):1253–1259
[9] Rahman S, Shrestha GB (1993) An investigation into the impact
of electric vehicle load on the electric utility distribution system.
IEEE Trans Power Deliv 8(2):591–597
[10] Peas Lopes JA, Soares FJ, Almeida PMR (2009) Identifying
management procedures to deal with connection of electric ve-
hicles in the grid. In: Proceedings of the 2009 IEEE Bucharest
PowerTech, Bucharest, Romania, 28 Jun–2 Jul 2009, 8 pp
[11] Ma ZJ, Callaway D, Hiskens I (2010) Decentralized charging
control for large populations of plug-in electric vehicles: ap-
plication of the Nash certainty equivalence principle. In: Pro-
ceedings of the 2010 IEEE international conference on control
applications (CCA’10), Yokohama, Japan, 8–10 Sept 2010,
pp 191–195
[12] Shimizu K, Masuta T, Ota Y et al (2010) Load frequency
control in power system using vehicle-to-grid system consid-
ering the customer convenience of electric vehicles. In: Pro-
ceedings of the 2010 international conference on power system
technology (POWERCON’10), Hangzhou, China, 24–28 Oct
2010, 8 pp
[13] Luo ZW, Song YH, Hu ZC et al (2011) Forecasting charging
load of plug-in electric vehicles in China. In: Proceedings of the
2011 IEEE Power and Energy Society general meeting, San
Diego, CA, USA, 24–29 Jul 2011, 8 pp
[14] Qian KJ, Zhou CK, Allan M et al (2011) Modeling of load
demand due to EV battery charging in distribution systems.
IEEE Trans Power Syst 26(2):802–810
[15] Ota Y, Taniguchi H, Nakajima T et al (2012) Autonomous
distributed V2G (vehicle-to-grid) satisfying scheduled charging.
IEEE Trans Smart Grid 3(1):559–564
[16] Shao SN, Pipattanasomporn M, Rahman S (2012) Grid inte-
gration of electric vehicles and demand response with customer
choice. IEEE Trans Smart Grid 3(1):543–550
[17] Escudero-Garza´s JJ, Garcı´a-Armada A, Seco-Granados G
(2012) Fair design of plug-in electric vehicles aggregator
for V2G regulation. IEEE Trans Veh Technol 61(8):
3406–3419
[18] Chukwu UC, Mahajan SM, Spina I et al (2013) A nomogram for
estimating energy loss in a distribution network due to
penetration of V2G. In: Proceedings of the 2013 international
conference on clean electrical power (ICCEP’13), Alghero,
Italy, 11–13 Jun 2013, pp 476–481
[19] Chukwu UC, Mahajan SM (2013) Real-time management of
power systems with V2G facility for smart-grid applications.
IEEE Trans Sustain Energy 5(2):558–566
[20] Cheng L, Chang Y, Lin J et al (2013) Power system re-
liability assessment with electric vehicle integration using
battery exchange mode. IEEE Trans Sustain Energy
4(4):1034–1042
[21] Thirugnanam K, Joy TPER, Singh M et al (2014) Modeling and
control of contactless based smart charging station in V2G
scenario. IEEE Trans Smart Grid 5(1):337–348
[22] Sundstrom O, Binding C (2010) Planning electric-drive ve-
hicle charging under constrained grid conditions. In: Pro-
ceedings of the 2010 international conference on power
system technology (POWERCON’10), Hangzhou, China,
24–28 Oct 2010, 6 pp
[23] Sundstrom O, Binding C (2012) Flexible charging optimization
for electric vehicles considering distribution grid constraints.
IEEE Trans Smart Grid 3(1):26–37
[24] Binding C, Gantenbein D, Jansen B et al (2010) Electric vehicle
fleet integration in the Danish EDISON project-a virtual power
plant on the island of Bornholm. In: Proceedings of the 2010
IEEE Power and Energy Society general meeting, Minneapolis,
MN, USA, 25–29 Jul 2010, 8 pp
[25] Kristoffersen TK, Capion K, Meibom P (2011) Optimal charg-
ing of electric drive vehicles in a market environment. Appl
Energy 88(5):1940–1948
[26] Pillai JR, Bak-Jensen B (2011) Integration of vehicle-to-grid in
the western Danish power system. IEEE Trans Sustain Energy
2(1):12–19
[27] Kiviluoma J, Meibom P (2011) Methodology for modelling
plug-in electric vehicles in the power system and cost estimates
for a system with either smart or dumb electric vehicles. Energy
36(3):1758–1767
[28] Rautiainen A, Mutanen A, Repo S et al (2013) Case studies on
impacts of plug-in vehicle charging load on the planning of
urban electricity distribution networks. In: Proceedings of the
8th international conference and exhibition on ecological vehi-
cles and renewable energies (EVER’13), Monte Carlo, Monaco,
27–30 Mar 2013, 7 pp
[29] Rautiainen A, Repo S, Ja¨rventausta P et al (2012) Statistical
charging load modelling of PHEVs in electricity distribution
networks using national travel survey data. IEEE Trans Smart
Grid 3(4):1650–1659
[30] Ericsson E (2000) Variability in urban driving patterns. Trans-
port Res D 5(5):337–354
[31] Ericsson E (2001) Independent driving pattern factors and their
influence on fuel-use and exhaust emission factors. Transport
Res D 6(5):325–345
188 Zhaoxi LIU et al.
123
[32] Brundell-Freij K, Ericsson E (2005) Influence of street charac-
teristics, driver category and car performance on urban driving
patterns. Transport Res D 10(3):213–229
[33] Yokoi Y, Ichikawa S, Doki S et al (2004) Driving pattern pre-
diction for an energy management system of hybrid electric
vehicles in a specific driving course. In: Proceedings of the 30th
annual conference of IEEE Industrial Electronics Society
(IECON’04), Vol 2, Busan, Republic of Korea, 2–6 Nov 2004,
pp 1727–1732
[34] Wang QD, Huo H, He KB et al (2008) Characterization of ve-
hicle driving patterns and development of driving cycles in
Chinese cities. Transport Res D 13(5):289–297
[35] Shahidinejad S, Bibeau E, Filizadeh S (2010) Statistical devel-
opment of a duty cycle for plug-in vehicles in a North American
urban setting using fleet information. IEEE Trans Veh Technol
59(8):3710–3719
[36] Christensen L, Kveiborg O, Mabit SL (2010) The market for
electric vehicles—What do potential users want? In: Proceed-
ings of the 12th world conference on transportation research
(WCTR’10), Lisbon, Portugal, 11–15 Jul 2010
[37] Pearre NS, Kempton W, Guensler RL et al (2011) Electric ve-
hicles: how much range is required for a day’s driving? Trans-
port Res C 19(6):1171–1184
[38] Lee TK, Bareket Z, Gordon T et al (2012) Stochastic modeling
for studies of real-world PHEV usage: driving schedule and
daily temporal distributions. IEEE Trans Veh Technol
61(4):1493–1502
[39] Yu H, Tseng F, McGee R (2012) Driving pattern identification
for EV range estimation. In: Proceedings of the 2012 IEEE in-
ternational electric vehicle conference (IEVC’12), Greenville,
SC, USA, 4–8 Mar 2012, 7 pp
[40] Raykin L, Roorda MJ, MacLean HL (2012) Impacts of driving
patterns on tank-to-wheel energy use of plug-in hybrid electric
vehicles. Transport Res D 17(3):243–250
[41] Greaves S, Backman H, Ellison AB (2014) An empirical
assessment of the feasibility of battery electric vehicles for day-
to-day driving. Transport Res A 66:226–237
[42] Speidel S, Bra¨unl T (2014) Driving and charging patterns of
electric vehicles for energy usage. Renew Sustain Energy Rev
40:97–110
[43] Le Duigou A, Guan Y, Amalric Y (2014) On the competitive-
ness of electric driving in France: impact of driving patterns.
Renew Sustain Energy Rev 37:348–359
[44] Wu QW, Nielsen AH, Østergaard J et al (2010) Driving pattern
analysis for electric vehicle (EV) grid integration study. In:
Proceedings of the 2010 IEEE PES innovative smart grid tech-
nologies conference Europe (ISGT Europe’10), Gothenberg,
Sweden, 11–13 Oct 2010, 6 pp
[45] Christensen L (2011) Electric vehicles and the customer. WP
1.3. Edison, Copenhagen
Zhaoxi LIU obtained the B. Eng. and M. Eng. from Department of
Electrical Engineering, Tsinghua University, Beijing, China, in 2006
and 2008, respectively. Currently, he is pursuing his Ph.D degree in
Centre for Electric Power and Energy, Department of Electrical
Engineering, Technical University of Denmark.
Qiuwei WU is an associate professor with Centre for Electric Power
and Energy, Department of Electrical Engineering, Technical Univer-
sity of Denmark. He obtained the B. Eng. and M. Eng. from Nanjing
University of Science and Technology, Nanjing, China, in 2000 and
2003, respectively, both in Power System and Automation. He
obtained the Ph.D degree from Nanyang Technological University,
Singapore, in 2009, in Power System Engineering.
Linda CHRISTENSEN is a senior researcher with Department of
Transport, Technical University of Denmark.
Antti RAUTIAINEN is a Ph.D student with Department of Electrical
Engineering, Tampere University of Technology, Finland.
Yusheng XUE received MSc degree in Electrical Engineering from
EPRI, China in 1981 and Ph.D degree from the University of Liege,
Belgium in 1987. He was elected as an academician of Chinese
Academy of Engineering in 1995. He is now the Honorary President
of State Grid Electric Power Research Institute (SGEPRI or NARI),
China. He holds the positions of adjunct professor in many
universities in China and a conjoint professor of the University of
Newcastle in Australia. He is also an honorary professor of the
University of Queensland, Australia. He has been a member of the
PSCC Council, and the Editor-in-Chief of Automation of Electric
Power System since 1999, and a member of Editorial Board of IET
Generation, Transmission & Distribution, and Chairman of Technical
Committee of Chinese National Committee of CIGRE since 2005.
Driving pattern analysis of Nordic region based on National Travel Surveys 189
123
